We report the epitaxial growth of thin films of a small organic molecule (pentacene) on polymer substrates with controllable photoalignment over a wide range. The pentacene molecular plane exhibited a distinct orientational change from parallel to perpendicular relative to the polymer chain with increasing substrate polymer alignment. Each orientation consists of twinlike domains. Such characteristics reveal a unique alignment-induced epitaxial transition controlled by the subtle balance of weak interactions, showing a promising approach for tuning the characteristics of organic semiconductor based electronic devices. As a promising complement to mainstream inorganic semiconductors for applications requiring large area, lowtemperature processing and low cost, organic semiconductors have attracted intense scientific and technological interest [1] [2] [3] . The realization that the performance of the relevant devices is inherently associated with the microstructure of the organic heterojunctions has stimulated numerous studies in organic semiconductor growth [4] . Because of the large size, anisotropy, and relatively weak van der Waals interaction of organic molecules, their growth is far more complex than that of inorganic materials, and the physical principles are still far from being well established. Studies on organic-inorganic heteroepitaxy (OIHE) have revealed that commensurism is not a prerequisite [5] and the equilibrium structure is dependent on a delicate balance of various noncovalent weak interactions [6] . Comparatively, the scenario of the rarely studied organic-organic heteroepitaxy (OOHE) is much less understood. OOHE may exhibit new epitaxy modes and its investigation may reveal interesting growth physics [7] [8] [9] . A challenging case is organic semiconductor on polymer, which is promising for ''all-organic'' devices such as flexible displays and sensors. Owing to the many possible configurations and conformations and the partial crystallinity of the polymer, the interactions at the interface are more complicated and it is difficult to assess and distinguish the role of different factors, such as topological effects, intermolecular interactions and lattice matching, in controlling the admolecule orientation. To clarify the ordering mechanisms in such an OOHE system, a quantitative relationship between the admolecule orientation and the polymer alignment degree is particularly useful. The objective is to prepare polymer substrates with a wide range of controllable alignment, while excluding the influence of the morphological and chemical change of the polymer surface.
As a promising complement to mainstream inorganic semiconductors for applications requiring large area, lowtemperature processing and low cost, organic semiconductors have attracted intense scientific and technological interest [1] [2] [3] . The realization that the performance of the relevant devices is inherently associated with the microstructure of the organic heterojunctions has stimulated numerous studies in organic semiconductor growth [4] . Because of the large size, anisotropy, and relatively weak van der Waals interaction of organic molecules, their growth is far more complex than that of inorganic materials, and the physical principles are still far from being well established. Studies on organic-inorganic heteroepitaxy (OIHE) have revealed that commensurism is not a prerequisite [5] and the equilibrium structure is dependent on a delicate balance of various noncovalent weak interactions [6] . Comparatively, the scenario of the rarely studied organic-organic heteroepitaxy (OOHE) is much less understood. OOHE may exhibit new epitaxy modes and its investigation may reveal interesting growth physics [7] [8] [9] . A challenging case is organic semiconductor on polymer, which is promising for ''all-organic'' devices such as flexible displays and sensors. Owing to the many possible configurations and conformations and the partial crystallinity of the polymer, the interactions at the interface are more complicated and it is difficult to assess and distinguish the role of different factors, such as topological effects, intermolecular interactions and lattice matching, in controlling the admolecule orientation. To clarify the ordering mechanisms in such an OOHE system, a quantitative relationship between the admolecule orientation and the polymer alignment degree is particularly useful. The objective is to prepare polymer substrates with a wide range of controllable alignment, while excluding the influence of the morphological and chemical change of the polymer surface.
In this Letter, we investigate the molecular beam epitaxy growth of pentacene, a model small molecule organic semiconductor [4] using photoaligned films of azobenzene-containing polyimide [Azo-PI, see Fig. 1(a) ] as substrates. A unique feature of these substrate films is that the polymer alignment can be controlled over a wide range while changes in the surface chemical and morphological nature are substantially avoided [10] . We demonstrate a unique alignment-induced epitaxial transition, that is from control by van der Waals interactions on relatively weakly aligned polymer substrates to control by coincident epitaxy on highly aligned polymer substrates. The finding (4) 236103-1 Ó 2008 The American Physical Society demonstrates a promising approach for tuning the performance of the relevant devices, such as to control anisotropic charge transport in organic thin film transistors and polarized light emission from organic light emitting diodes. The films of a polyamic acid containing azobenzene in the backbone (Azo-PAA) were spin-coated onto n-type Si wafers with a 300 nm SiO 2 layer, and then irradiated with linearly polarized light (LPL) of wavelength 340 $ 500 nm at normal incidence [9] . The LPL exposure was varied up to 640 J=cm 2 to induce different degree of alignment. Here we focus on two films irradiated with 11 and 320 J=cm 2 . Then the photoaligned Azo-PAA films were thermally converted into chemically and optically stable Azo-PI films (11 nm thick). All the pentacene films (30 nm) were deposited at a rate of 0:3 nm= min in a vacuum of $10 À5 Pa. Polarized infrared (IR) spectra were measured to assess the average orientation degree. Grazing incidence x-ray diffraction (GIXD) and specific xray irradiation area calibrated azimuthal scans were used to determine the detailed in-plane structure by using a Rigaku Ultima III diffractometor with a 5-axis goniometer, with which out-of-plane XRD patterns were also obtained.
The polarized IR spectra of a bare photoaligned Azo-PI film (320 J=cm 2 ) are shown in Fig. 1 (a) [11] , where A == and A ? represent the absorbance for the IR light polarized parallel and perpendicular to the LPL polarization direction, respectively. Since the 1370 and 1503 cm À1 bands are polarized along the Azo-PI chain [11] , their polarization dependence of A ? > A == indicates that the Azo-PI is on average aligned perpendicular to the LPL polarization direction. Figure 1 (b) shows the polarized IR of two typical pentacene films on photoaligned Azo-PI films, the molecular axis definition (XYZ) and the band assignment [12, 13] . The polarization dependence of A ? < A == for the Z-axis bands and A ? > A == for the X-axis bands of the 11 J=cm 2 sample indicates that the molecular plane normal is oriented parallel to the LPL polarization direction, i.e., perpendicular to the Azo-PI. Surprisingly, the opposite polarization dependence of the same bands of the 320 J=cm 2 sample reveals a 90 orientation change with the molecular plane here oriented perpendicular to the Azo-PI. The ratio of the total absorbance (A == þ A ? ) of the Y-axis band to that of the Z-axis band for both samples (0.015) is much smaller than that (0.08-0.09) of randomly orientated pentacene [13, 14] , indicating that the Y-axis is oriented nearly perpendicular to the surface. The dichroic ratio (DR ¼ A ? =A == ) of Azo-PI first monotonically increases with the exposure [ Fig. 1(c) ], then it gradually saturates, implying a constant polymer alignment direction. In sharp contrast, the pentacene DR shows a remarkable reversal with a minimum at 11 J=cm 2 before saturation, revealing that the pentacene molecular plane undergoes a 90 rotation from parallel to perpendicular relative to the Azo-PI alignment direction with increasing Azo-PI alignment. The much smaller DR of pentacene than that of Azo-PI is mainly due to its zigzag molecular packing [see Fig. 5(d) ].
XRD patterns in Fig. 2(a) show a ''thin film phase'' of the pentacene films [15] . With increasing LPL exposure, the peak intensity gradually saturates after a sharp increase [e.g., the (001) intensity in Fig. 2(b) ], while their FWHM keeps almost constant with a variation of less than 10%. The films consist of layered grains with a monolayer (ML) height of $1:6 nm (Fig. 3) . Interestingly, some linear chainlike islands are also present. Since no terraces can be discerned from the height profile of the linear islands, we deduce that they are amorphous or have a low degree of order, and the XRD patterns should mainly result from the layered grains. The quantity of the linear islands increases with LPL exposure and the islands are aligned perpendicular to Azo-PI at exposure >5:5 J=cm 2 , implying that the island alignment is induced by the aligned Azo-PI. For the layered grains, a dendritic shape becomes clearer with increasing exposure, and the grain size, which is the circular-area-equivalent-diameter averaged over five AFM images, shows a saturation after a sharp increase.
Motivated by the intriguing correlation between the LPL exposure dependence of Azo-PI DR [ Fig. 1(c) ], pentacene XRD intensity (Fig. 2 ) and grain size (Fig. 3) , we replot these data in Fig. 4 to get a clearer image of their relationship. To facilitate comparison, here the XRD intensity and grain size of all samples are normalized by assuming the values of the 320 J=cm 2 sample as 1. The in-plane molecular order parameter Q È ¼ ðA ? À A == Þ=ðA ? þ A == Þ instead of the DR is used as a more quantifiable measure of alignment, since for a perfect alignment jQ È j ¼ 1 while the DR becomes infinity. Surprisingly, the XRD intensity and the grain size show very similar dependence on Q È Azo-PI with an exactly the same turning point at Q È Azo-PI ¼ 0:4 (corresponds to 11 J=cm 2 ), which is also the same point at which Q È pen begins to increase sharply. This coincidence suggests that the sudden increase of crystallinity and grain size originates from the 90 orientational change of pentacene. Based on these results one can deduce the coexistence of two types of orientations, with 
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the aromatic plane on average parallel (A-type) or perpendicular (B-type) to the Azo-PI alignment direction. We can thus interpret Fig. 4 by a variation of the relative amount of the two types of domains, as schematically illustrated by the white and black area at the bottom of the figure. For the film on untreated Azo-PI, the interaction between pentacene and Azo-PI may induce an A-type orientation. However, since the Azo-PI chains are randomly oriented, the pentacene film has no macroscopic in-plane anisotropy, i.e. Q È pen ¼ zero. For Q È Azo-PI 0:4, the A-type orientation is predominant (the B-type one is negligible) and Q È pen decreases with Q È Azo-PI since it is derived from the Z-axis band (polarized perpendicular to the Azo-PI). The increase in XRD intensity and grain size can be explained by the increased amount (or crystallinity) of the A-type orientated domains induced by the increased Azo-PI alignment. For Q È Azo-PI > 0:4, the A-type domains decrease while those B-type domains increase, leading to the increased Q È pen . At Q È Azo-PI % 0:55 ($33 J=cm 2 ) the two types of domains become equivalent. As a result, Q È pen becomes zero, but the XRD intensity and grain size are significantly increased compared to the data of the film on untreated Azo-PI. Above Q È Azo-PI ¼ 0:7 the orientation is almost exclusively the B-type. We conclude that the sudden change after Q È Azo-PI ¼ 0:4 is due to a change in the orientation mechanism, which will be discussed in the below.
The GIXD patterns of two typical pentacene samples are shown in Fig. 5(b) , where the scattering vector Ák (the diffraction plane normal, see Fig. 5(a) ] is parallel to the Azo-PI alignment direction. The corresponding È scan profiles taken from the (200) plane at 2 ¼ 23:52 are shown in Fig. 5(c) . Since the Azo-PI backbone is aligned parallel to Ák at È ¼ ¼ 11:76 , the two broad peaks centered at È % 102 and È % 282 (namely a 90 rotation) of the 11 J=cm 2 sample indicates that the (200) plane [see Fig. 5(d) ] is oriented parallel to the Azo-PI alignment direction, agreeing well with the polarized IR data. More interestingly, each broad peak symmetrically splits into two maximums at È % 102 AE 25 and È % 282 AE 25 , revealing that the A-type orientation predominant in the 11 J=cm 2 sample actually consists of two types of twinlike oriented domains with the (200) plane deviating by AE25 from the Azo-PI alignment direction. The 50 orientation difference matches well with the calculated edge-to-face angle of $48:1 of adjacent pentacene molecules in the thin film phase [16, 17] . Therefore, an A-type structure can be derived as shown in Fig. 5(d) . In each type of the twinlike domains, the molecular plane of either of the two pentacene molecules in a unit cell orients along the Azo-PI alignment direction. The È scan profile of the 320 J=cm 2 sample has a similar shape to that of the 11 J=cm 2 sample while the peak positions shift $90 . This confirms the 90 orientational change. It also reveals twinlike domains of the B-type orientation as shown in Fig. 5(e) . The higher intensity in the È scan of the 320 J=cm 2 sample than that of the 11 J=cm 2 sample also confirms an improved in-plane molecular packing order, agreeing well with the higher XRD intensity and larger grain size of the former sample.
The equilibrium molecular orientations are enforced by the relative strengths of several competing factors: (i) topological effects (graphoepitaxy), (ii) van der Waals interactions between pentacene and Azo-PI, and (iii) the availability of geometrical configurations that permit registry between the two layers, i.e., lattice matching. Since the dendritic grains show no anisotropic morphological features, which is common in graphoepitaxy [18] , a topological effect should not be predominant. For a low Azo-PI alignment degree, the local lattice spacing of Azo-PI may fluctuate widely. Consequently, lattice matching would have only a minor effect, and the orientation may be mainly achieved by the anisotropic van der Waals inter- actions between Azo-PI and individual pentacene molecules, as similar to many OIHE systems with an interface of van der Waals nature and large lattice mismatch [5] . When the Azo-PI is highly aligned, the anisotropic van der Waals interactions are less effective in orienting an entire layer due to lateral interactions between the pentacene molecules, and the role of the substrate orientation should be more important, though still not as effective as in conventional inorganic epitaxy. The undisturbed thin film phase indicates that the intralayer interaction in pentacene film is much stronger than the interlayer interaction between pentacene and the substrate, and the energetic benefit of moving the molecules to ideal commensurate sites cannot overcome the penalty associated with perturbation of the ''native'' minimum energy of the pentacene. Thus, in the absence of an ideal epitaxial match, the net free energy is minimized for two particular azimuthal orientations, forming a linearly commensurate structure [19] or coincident epitaxy [6] with twinlike domains. Under such a relaxed epitaxial condition, only a subgroup of lattice points of the overlayer and substrate are in perfect registry [5, 6, 9] .
According to Fig. 4 , Q È Azo-PI ¼ 0:4 is a threshold value for the predominant orientation mechanism changes from being controlled by anisotropic van der Waals interactions to being controlled by coincident epitaxy. The much sharper increase in XRD intensity and grain size above Q È Azo-PI ¼ 0:4 indicates that the alignment of crystallographic axis in the latter case has a more significant effect in improving the pentacene molecular packing order. For both cases, we may presume that at first the orientation is achieved in the first ML of pentacene. Then the upper layers are epitaxially grown on the first ML template, leading to a drastic change in the overall molecular orientation.
In summary, we demonstrate a distinct polymer alignment-induced epitaxial transition, the controlling factor of which is attributed to a change from anisotropic van der Waals interactions to coincident epitaxy. The results imply that the molecular orientation in OOHE can be easily controlled by adjusting the relative strength of competing weak interactions. Considering the weak bondings in organics, this conclusion is expected to be generic and hold in other organic semiconductors too. The finding may provide some new insights in understanding organic semiconductor growth. It also shows a promising approach for tuning the characteristic of the relevant organic devices, thus, opening interesting opportunities for future developments of new organic devices.
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